Background: Lithium, clinically used in the treatment of bipolar disorders, is well known to induce thyroid growth. However, the mechanism involved is only incompletely characterized. Although it is conventionally believed that thyroid proliferation depends on the thyroid-stimulating hormone (TSH)/cAMP/cAMPresponseelementbinding protein (CREB) pathway, recent data indicate that Wnt/b-catenin signalling may be of critical importance. In other cell types lithium activates canonical Wnt signalling by GSK-3b inhibition, which in turn stabilizes cytosolic free b-catenin. Here we investigated the potential modulation of Wnt/b-catenin signalling under lithium treatment in primary and neoplastic human thyrocytes. Methods: Primary (S18) and neoplastic (NPA, FTC133) thyrocytes treated with and without LiCl were analysed using Western blotting, immunoprecipitation, reporter-gene assay, MTT proliferation assay and transfection studies. Results: LiCl dose-dependently inhibited GSK-3b, stabilized free b-catenin and inhibited b-catenin degradation. Furthermore, LiCl altered the assembly of adherens junction by upregulating the E-cadherin repressor, Snail, and downregulated E-cadherin expression. At a dose of 5 mM, LiCl significantly increased the proliferative potency of thyrocytes, which appeared to be mediated by b-catenin, since nuclear b-catenin stimulated T-cell factor/lymphoid enhancer factor (TCF/LEF)-mediated transcription and upregulated downstream targets like cyclin D1. To characterize the specificity of Wnt/b-catenin-driven thyrocyte proliferation, we transfected primary thyrocytes and FTC133 cells with dominant negative TCF4 to block Wnt-dependent pathways or with dominant negative CREB to inhibit the TSH/cAMP cascade. In cells transfected with dominant negative CREB lithium-stimulated proliferation was unchanged whereas blocking Wnt/b-catenin by dominant negative TCF4 reduced proliferation by approx. 50%. Conclusion: Our data indicate that Wnt/b-catenin signalling is of major importance in the control of lithium-dependent thyrocyte proliferation.
Introduction
Lithium is used in the management and prophylaxis of bipolar psychiatric disorders. As a side-effect lithium causes nodular growth and goitre in a subset of patients even when euthyroidism is maintained by L-thyroxine treatment (1, 2) . The underlying mechanism is unclear but may be based on a direct effect as in vitro studies by Gaberscek et al. (3) in FRTL-5 cells indicate an increased proliferation with low-dose lithium. Proliferation and differentiation of cultured thyroid cells is regulated by a number of growth factors. Signalling through the thyroid-stimulating hormone (TSH)/cAMP/protein kinase A (PKA)/cAMPresponseelementbinding protein (CREB) and through insulinlike growth factor I (IGF-I)-dependent pathways have been regarded as major stimulatory factors in the control of thyrocyte proliferation and differentiation (4) . TSH withdrawal induces growth arrest, but addition of the hormone to quiescent cells stimulates entry of the cells into the S phase (5) . This concept was recently challenged by studies with TSH receptor-knockout mice that develop normal-sized thyroid despite inactivation of the TSH cascade (6) . Moreover, in thyroid carcinoma TSH-independent growth is most frequently observed as reduced or missing expression of the TSH receptor, which implies a decreased responsiveness to TSH (7) .
Recent findings on growth-promoting effects of b-catenin and the Wnt signalling pathway provide an alternative explanation (8) . Lithium is capable of inhibiting glycogen synthase kinase b (GSK-3b), a phosphorylating enzyme operative in the degradation
of free b-catenin, which mimics the effects of Wnt signalling activation (8, 9) . Activation of canonical Wnt signalling stabilizes cytosolic b-catenin, which translocates to the nucleus, stimulates T-cell factor/-lymphoid enhancer factor (TCF/LEF) and target genes such as cyclin D1. We showed recently (10, 11 ) that this mechanism, important for many cell types (12 -14) , is operative in the thyroid. One of the target genes, cyclin D1, is increased, and serves as a central regulator of the cell cycle and cell proliferation (15 -19) . Lithium inhibits GSK-3b and may thus mimic a functional activation of the canonical Wnt signalling pathway, increase the relative abundance of intracellular cyclin D1 levels and confer a proliferative advantage to the cell. Additionally, b-catenin binds to E-cadherin, a transmembrane protein, to form the adherens junction and mediates cell -cell adhesion. Loss of E-cadherin leads to an impairment of the cadherin-catenin complex at the cell junction which may contribute to an increased pool of free b-catenin (13, 20, 21) . The aim of the present study was to investigate the potential role of Wnt/b-catenin signalling in the regulation of growth and proliferation of primary and neoplastic thyrocytes. Using lithium as a tool to activate Wnt/b-catenin signalling, we investigated whether its modulation may serve as a mechanism to regulate thyrocyte proliferation.
Materials and methods

Primary thyroid culture and cell lines
Primary thyroid culture was derived from thyroid tissues (nodular goitre, normal tissue adjacent to a thyroid carcinoma) obtained from patients who underwent surgery at the surgical department. All patients gave informed consent. Briefly, the thyroid was cut into small pieces, washed three times in cold PBS (20-fold volume, centrifugation at 70 g for 5 min), resuspended in 40 ml PBS (without calcium and magnesium) containing 5 mg/ml dispase II, and incubated at 378C for 30 min. This was followed by centrifugation at 70 g for 5 min. Incubations were repeated seven times with alternate use of collagenase (1 g/l) and dispase, finally yielding thyroid follicles and single cells. Cells were washed in RPMI 1640 containing 20 mmol/l HEPES, 10% foetal calf serum (FCS), 100 U/ml penicillin G and 100 mg/l streptomycin, and transferred to culture flasks. Human thyroid cells were propagated in Coon's 6H medium containing 10% FCS, 100 U/ml penicillin and 100 mg/l streptomycin in a humidified 5% CO 2 incubator at 378C.
NPA and FTC133 are cell lines derived from papillary and follicular thyroid carcinoma, respectively. NPA cells were grown in RPMI 1640 medium (with HEPES and L-glutamine; PAA Laboratories, Cölbe, Germany) supplemented with 10% FCS (PAA Laboratories, Linz, Austria), 100 mg/ml streptomycin and 100 U/ml penicillin in a humidified atmosphere with 5% CO 2 . The FTC133 cell line was similarly maintained in Dulbecco's modified Eagle's medium (DMEM).
Chemicals and reagents
Anti-b-catenin, anti-GSK-3b and anti-E-cadherin monoclonal antibodies (mAbs) were purchased from BD Transduction Laboratories (Heidelberg, Germany); a-tubulin mAb and anti-cyclin D1 polyclonal rabbit antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-snail mAb was from Chemicon International (Hofheim, Germany); alkaline phosphatase-conjugated goat anti-rabbit IgG secondary antibody and CSPD w chemiluminescence reagent were from Roche (Mannheim, Germany); alkaline phosphatase-conjugated sheep anti-mouse IgG secondary antibodies were from Dianova (Hamburg, Germany). All other reagents were purshased from Sigma (Taufkirchen, Germany). Stock solutions of LiCl, obtained from Calbiochem (Schwalbach, Germany), were prepared as 1 mM in DMSO and stored at 48C for future use.
MTT cell proliferation and viability assay
An MTT (3(4,5dimethylthiazol2yl)2,5diphenyl2Htetra-zolium bromide) proliferation assay was carried out as previously described (22) . Growth experiments were performed in a 24-well plate in 5H medium without TSH. Cells at 85 -100% confluence were trypsinized and 10 4 -10 5 cells/well were seeded and maintained in 200 ml 5H medium in a humidified incubator. After 24 h, the cells were incubated with 5 mM LiCl and colorimetric MTT (Sigma) proliferation assays were performed at 0, 12 and 24 h after treatment. MTT (400 mg/ml) was added to each well, incubated for 3 h and was solubilized with 0.04 M HCl/iso-propanol for 1 h. The optical density (OD) was determined using a spectrophotometer (Ultrospec K; Biochrom, Berlin, Germany) at a wavelength of 570 nm. The experiment was repeated three times in triplicate. 
Cellular and nuclear extracts
All cell lines were grown in 100 mm culture dishes (Falcon, Heidelberg, Germany) at 85 -100% confluence and were incubated with or without different concentrations of LiCl (0, 10 mM, 100 mM, 1 mM, 2 mM, 5 mM, 10 mM, 20 mM) for 0, 6, 12 and 24 h. Cells were lysed in 100 ml lysis buffer (50 mM HEPES, pH 7.4, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 1 mM sodium orthovandate, 10 mM sodium pyrophosphate, 100 mM NaF, 1% Triton X-100, 10 mg/ml leupeptin, 10 U/ml aprotinin and 1 mM phenylmethylsulfonyl fluoride). To analyse b-catenin in nuclear fractions, intact nuclei were prepared from exponentially growing cells by scraping cells into nuclei isolation buffer (100 mM NaCl, 10 mM Tris/HCl, 5 mM sodium butyrate, 10 mM iodoacetamide, 0.1% Nonidet P-40 and phosphatase inhibitors, as described above). Aliquots of these samples were fractionated by 7.5% SDS/PAGE, electrotransferred to nitrocellulose membranes and analysed by Western blotting.
Immunoprecipitation and Western blot analysis
Phosphorylation of b-catenin or GSK-3b was detected by performing immunoprecipitation with the antibody to b-catenin or GSK-3b followed by immunoblotting for b-cateninphosphoserine 37 or phosphoserine 9 GSK-3bas described previously (10) . For Western blot analysis, proteins (10 mg/lane) were resolved in 7.5% SDS -PAGE and electrotransferred to a nitrocellulose membrane (Millipore, Schwalbach, Germany) using standard procedures. After blocking with 4% nonfat dry milk in TBS-T buffer (20 mM Tris -HCl, pH 7.4, 150 mM NaCl, 0.1% Tween-20), the blots were probed with monoclonal mouse primary antibodies against b-catenin, b-catenin phosphorylated at Ser-37 (phospho-Ser-37-b-catenin), GSK-3b, GSK-3b phosphorylated at Ser-9 (phospho-Ser-9-GSK-3b), E-cadherin or snail, or rabbit polyclonal antibody against cyclin D1. The blots were then reacted with a secondary alkaline phosphate-conjugated anti-mouse antibodies, followed by detection of the proteins with CSPD w chemiluminescence reagent. Autoradiograph films were scanned by means of Gel Documentation Systems (Gel Doc 2000 e ; Bio-Rad) to obtain integrated densitometric values. Density of the immunoreactive bands were assessed and correlated to the relative amount of immunoreactive protein using Quantitiy One * Quantitation software (Bio-Rad). To calculate the unphosphorylated fraction of GSK-3b the following formula was used:
A dose-dependent curve for lithium was constructed where the percentage ratio of the unphosphorylated active GSK-3b was plotted against the concentrations of lithium between 0 and 20 mM.
Immunofluorescence and confocal microscopy
In six-well plates, S18 primary thyrocytes were seeded on 12-mm diameter glass coverslips with or without lithium (5 mM) and grown to 50% confluence in RPMI-1640 medium supplemented with 10% FCS and 1% penicillin/streptomycin. The cells were fixed in 4% paraformaldehyde for 20 min and permeabilized with 0.1% Triton X-100 (Fluka Sigma-Aldrich Chemie, Deisenhofen, Germany) in PBS for 5 min at room temperature. Incubations with primary antibodies (mouse anti-b-catenin mAb, mouse anti-E-cadherin mAb, rabbit polyclonal cyclin D1 antibody) were followed by sheep anti-mouse FITC (fluorescein isothiocyanate)-or goat anti-rabbit TRITC (tetramethylrhodamine bisothiocyanate; Sigma)-conjugated secondary antibodies for 1 h at room temperature.
Finally the cells were embedded in Vectashield mounting medium (Vector Laboratories, Burlingame, CA, USA) and viewed by confocal laser scanning microscopy (Leica Inverted TCS; Leica Microsystems, Heidelberg, Germany).
Stable transfections
Stable transfections with dominant negative TCF4 (dnTCF) and dominant negative CREB (dnCREB) was performed on the follicular thyroid cancer cell line FTC133 as described previously (10) . Briefly, FTC133 cells were maintained in DMEM supplemented with penicillin/streptomycin and 5% FCS. Cells were seeded 1 day prior to transfection at approximately 50-70% confluence. The cells were cultured overnight in sixwell dishes and transfected with dnTCF4 (kindly provided by H Clevers, Utrecht University, Utrecht, The Netherlands) and dnCREB (kindly provided by C Vinson, National Institutes of Health, Bethesda, MD, USA) using FuGENE 6 transfection reagent (Roche) following the manufacturer's instructions. An appropriate amount of empty vector (pClneo construct) was added in the control well. After 5 days of transient transfection the cells were grown in DMEM supplemented with the presence of selection marker, zeocin (dnTCF4) or G418 (dnCREB) and grown for a further 2 weeks. Single cells were replated on new culture plates and the cells were grown to 80 -100% confluence.
Luciferase reporter-gene assay 
Statistical analysis
The results are expressed as means^S.D. and statistical analysis was done using Student's t-test. Statistical significance was defined as a P value of , 0.05.
Results
LiCl activates the Wnt signalling pathway by inhibiting GSK-3b in a dose-dependent manner
Prior studies with embryological models suggest that LiCl mimics Wnt/b-catenin activation by inhibiting GSK-3b activity through phosphorylation at Ser-9 (8, 9) . To confirm this effect in the thyroid we investigated the effect of LiCl on GSK-3b in normal and neoplastic thyrocytes using serum-free conditions (0.1% FCS). After 24 h serum deprivation, cells were incubated with LiCl (5 mM) for 0 -24 h. Inhibition of GSK-3b (i.e. GSK-3b Ser-9 phosphorylation) was assessed by immunoblot analysis using a phospho-Ser-9-specific antibody. In control cells derived from normal thyrocytes (S18) or thyroid cancer cell lines (NPA, FTC133) the level of inactive phosphorylated GSK-3b was low whereas exposure to LiCl dose-dependently increased the inactive, phosphorylated form of GSK-3b (Fig. 1A) . under both sets of conditions total GSK-3b content remained unaltered. Over a range of 1 -20 mM LiCl this effect was dose-dependent. When comparing total and phosporylated fractions of GSK3b by quantitative densitometry following immunoprecipitation on Western blots a dose of 5 mM LiCl reduced the unphosphorylated active form of GSK-3b by 80 -95% in all cell types tested (Fig. 1B) . Moreover, LiCl (5 -20 mM)-induced Ser-9 phosphorylation of GSK-3b seemed to be higher in the primary as compared with the neoplastic thyrocytes (Fig. 1B) .
LiCl increases intracellular free b-catenin levels in thyroid cell lines
This lithium effect on GSK-3b is reflected in stabilized cytoplasmatic b-catenin levels. Free b-catenin levels in total lysates of both the primary (S18) and neoplastic thyrocytes (NPA, FTC133) increased not only in a dosedependent (0 -20 mM) but also in a time-dependent (0 -24 h) manner ( Fig. 2A and B) . Because b-catenin phosphorylation at Ser-37 is regarded as the target for GSK-3b action we tested the effects of GSK-3b inhibition by lithium by immunoblot analyses using b-catenin and specific phospho-Ser-37-b-catenin mAbs. LiCl induced a mild decline in phospho-Ser-37-b-catenin over a concentration range of 0-20 mM in all cells tested (S18, NPA, FTC133) whereas the total b-catenin levels increased ( Fig. 2A and C) . Since our data indicated that LiCl completely inactivates GSK-3b at higher concentrations between 10 and 20 mM in all cells, the presence of phosphorylated b-catenin at these doses, even exceeding 10 mM (10 -20 mM), was unexpected. However, this observation may be (A) (B) Figure 1 (A) Dose-dependent effects of LiCl on normal and neoplastic thyrocytes. Total GSK-3b was immunoprecipitated (IP) using a mouse anti-GSK-3b mAb (lower lanes) and immunoblot (IB) analysis was performed using anti-phospho-Ser-9-GSK-3b (upper lanes). Low-dose lithium (10 mM) did not inhibit GSK-3b as evidenced by the absence of the phosphorylated inactive form. At 5 mM LiCl, GSK-3b was inactivated in both normal and neoplastic thyrocytes. The total GSK-3b served as the control and remained unchanged.
(B) A dose-response curve for lithium was constructed where the percentage ratio of the unphosphorylated active GSK-3b was plotted against the concentrations of lithium between 0 and 20 mM. GSK-3b activity was inhibited by more than 80% in all cells by LiCl in the dose range of 5 -10 mM.
explained by the recent findings of Rice & Sartorelli (23) indicating an inhibitory effect of lithium on the 20 S proteasome. To confirm this we used BIO, a specific GSK-3b inhibitor, and MG132, a specific proteasomal blocker in the FTC133 cell line. MG132 (10 mM) caused an enhanced signal of phospho-Ser-37-b-catenin, highlighting the importance of a functional proteasomal degradation system in these cells (Fig. 2D) . LiCl (20 mM) mirrored the effects of MG132 by stabilizing Ser-37-phosphorylated b-catenin despite near-total inhibition of GSK-3b ( Figs 1B and 2D) . The GSK-3b activity was completely inhibited by BIO at a concentration of 100 nM (data not shown). However, at this dose only marginal amounts of Ser-37-phosphorylated b-catenin were detected (Fig. 2D) , which may be explained by an incomplete degradation of b-catenin after 48 h. Taken together, the differential effects of LiCl and BIO on Ser-37-phosphorylated b-catenin (at doses where GSK-3b activity is inhibited) indicate that LiCl has inhibitory effects on the proteasome.
Lithium decreases the b-catenin/E-cadherin binding by decreasing total E-cadherin levels
To delineate a potential direct effect of lithium on E-cadherin we studied the effect of lithium on E-cadherin regulation. In all E-cadherin-expressing cell lines (S18, FTC133) lithium dose-dependently (1 -10 mM) decreased total E-cadherin levels ( Fig. 3A) and reduced b-catenin/E-cadherin binding (Fig. 3B ). This process may further increase cytosolic/nuclear accumulation of free b-catenin. Since NPA did not express endogenous E-cadherin we excluded it from this experiment. Next, we tested whether snail, a potential target of GSK-3b, plays a mechanistic role in E-cadherin dysregulation. Reciprocal co-immunoprecipitation experiments demonstrated a functional interaction between GSK-3b and snail (Fig. 3C) . Treatment with LiCl (5 mM) significantly upregulated the E-cadherin repressor snail in normal and neoplastic thyrocytes (Fig. 3D) . Thus, LiCl may destabilize the adherens junction by both snail upregulation and GSK-3b inhibition. Treatment with LiCl results in the nuclear translocation of b-catenin and enhanced TCF/LEF-dependent transcriptional activity. Confocal analyses of the nuclear b-catenin expression of control and lithium-treated S18 thyroid cell lines revealed a relative increase in the nuclear b-catenin levels in a dose-dependent manner (data for dose-dependency not shown). In contrast to the control cells, in which b-catenin was primarily located in the membrane (Fig. 4A) , b-catenin localization was predominantly nuclear in LiCl-treated S18 thyrocytes (Fig. 4B) . To assess the b-catenin-driven TCF/LEF-dependent transcriptional activity, we further performed reporter-gene analysis with the TOP/FOP Flash reporter-gene assay. In cells co-transfected with the pTopflash luciferase reporter plasmid, 5 mM LiCl resulted in an increase in b-catenin-mediated transcriptional activation of TCF/LEF-responsive genes. At 5 mM LiCl induced 2-, 3-and 4-fold increases in luciferase activity in S18, NPA and FTC133 cells, respectively (Fig. 4C) . This indicates that lithium stimulates Wnt/b-catenin signalling by specifically activating TCF/LEF-dependent transcriptional activity.
Effect of LiCl on proliferation of thyrocytes in vitro
To test whether or not LiCl could act as the sole growth factor for thyrocyte proliferation in vitro, we studied serum-deprived normal and neoplastic thyrocytes in serum-free conditions with and without LiCl (5 mM). Lithium treatment dose-dependently significantly increased proliferation in all cells tested (S18, NPA, FTC133; Fig. 5 ). Thus it seems likely that inhibition of GSK-3b by lithium leads to an enhancement of the proliferative potency. To better delineate the signalling pathways involved we stably transfected FTC133 cells with dnTCF4 to block Wnt/b-catenin signalling or with dnCREB to inhibit the TSH/cAMP/CREB cascade. Lithium-dependent stimulation of proliferation was still maintained in dnCREB-transfected cells but was reduced by approx. 50% in dnTCF4 transfected cells when compared with controls (P , 0.05; Fig. 6 ).
LiCl increases intranuclear cyclin D1 levels in thyroid cell lines
This activation of the Wnt signalling pathway by LiCl was confirmed by measuring cyclin D1 expression, a Figure 4 The effect of LiCl on the subcellular localization of bcatenin. Immunofluorescence and confocal analyses demonstrate a predominant membrane localization of b-catenin in control cells (A) whereas after LiCl (5 mM) treatment there is a predominant nuclear localization of b-catenin in S18 cells (B). The effect of LiCl (5 mM) on the b-catenin-driven TCF/LEF-dependent reportergene assay in normal (S18) and neoplastic thyrocytes (FTC133, NPA; C). The pair of columns on the left for any cell line represents control stimulation whereas the pair on the right represents LiCl stimulation. known TCF/LEF target gene. Cyclin D1 expression in nuclear extracts of S18 and FTC133 cells with and without LiCl revealed a dose-dependent (1 -20 mM) increase in the nuclear cyclin D1 levels when analysed by immunoblot (Fig. 7A) . This increased intranuclear cyclin D1 protein accumulation was further substantiated by confocal analysis of S18 (Fig. 7B and C ) and FTC133 cells (Fig. 7D and E) .
Discussion
The basic mechanisms involved in thyroid growth and proliferation in thyroid cancer are still incompletely characterized. Here we investigated the role of the canonical Wnt/b-catenin signalling pathway and its interrelation with lithium effects on thyroid growth. Confirming previous reports that therapeutic concentrations of LiCl (1 -5 mM) confer a sustained proliferative advantage to thyrocytes (3) we identified at least four sites of action for Wnt/b-catenin-dependent lithium effects. First, LiCl inhibits GSK-3b via phosphorylation at Ser-9 and stabilizes the free form of the active b-catenin in a dose-dependent (1 -20 mM) and time-dependent (0 -24 h) manner. Second, in LiCl-treated cells proliferation is significantly increased ([ 3 H]thymidine-incorporation assay), which appears to be mediated via nuclear translocation of stabilized b-catenin (reporter-gene assay) and upregulation of nuclear cyclin D1 levels. Third, E-cadherin expression is dose-dependently downregulated by lithium (1 -5 mM). Since GSK-3b physiologically regulates the intracellular levels of the E-cadherin repressor, snail, our data indicates that lithium-mediated GSK-3b inhibition secondarily induces snail upregulation and subsequently downregulates E-cadherin. Fourth, lithium inhibits the proteasomal degradation of b-catenin. Lithium effects on GSK-3b phosphorylation and activity are well characterized in other cell types (23 -25) . GSK-3b, a serine/threonine kinase, phosphorylates b-catenin (at Ser-33, Ser-37 and Thr-41) and leads to its ubiquitination and proteasomal degradation (27) . Similarly, our immunoblot results show that in thyrocytes lithium dose-and time-dependently inhibits GSK-3b by Ser-9 phosphorylation and stabilizes free b-catenin in the cytoplasm. Indirect immunofluorescence and cell-fractionation studies further confirmed that free b-catenin actively translocates to the nucleus where b-catenin is transcriptionally active, as shown by several approaches. In a reporter- gene assay for b-catenin lithium specifically activated transcription and this is supported by measurements of known targets of b-catenin, such as cyclin D1 activation, or by testing for more general end-points, such as MTT or [ 3 H]thymidine-incorporation assays. Thus, as previously described for other cellular systems (25, 27) , inactivation of GSK-3b by lithium appears to induce thyrocyte proliferation. Furthermore, LiCl has a dose-dependent effect on the membrane expression of E-cadherin. Membrane-bound b-catenin could be co-immunoprecipitated with E-cadherin and lithium treatment significantly decreased the fraction of b-catenin bound to E-cadherin, indicating that lithium diminishes E-cadherin/b-catenin binding and may downregulate E-cadherin in the membrane.
Because Zhou et al. (28) recently demonstrated a direct involvement of snail in E-cadherin downregulation we tested whether the E-cadherin gene repressor snail may be upregulated by lithium. GSK-3b binds to and phosphorylates snail at two consensus motifs to dually regulate the function and subcellular localization of this protein (28) . Phosphorylation of the first motif regulates its b-Trcp-mediated ubiquitination, whereas phosphorylation of the second motif controls its subcellular localization. Upregulation of snail due to the inhibition of GSK-3b by lithium, as shown here for thyrocytes, is likely to serve as a mechanism for E-cadherin downregulation. Regardless of the mechanism, the resulting impairment of the cadherin -catenin complex at the adherens junction may contribute to the increased pool of free b-catenin that upon translocation to the nucleus may add to the activation of b-catenin target genes via TCF/LEF transcription.
Inhibition of the proteasome by lithium is a recently recognized phenomenon, although its clinical significance is unknown (23, 29) . In our study the presence of phosphorylated b-catenin at high doses of lithium (10-20 mM), where GSK-3b is inactivated, indicates altered b-catenin degradation. Since lithium inactivates GSK-3b in primary thyrocytes (S18) by more than 80% at concentrations between 10 and 20 mM, the presence of phosphorylated b-catenin at these doses of lithium (10 -20 mM) is unexpected. It may indicate interference with b-catenin degradation. Although the possibility that lithium might activate alternative pathways of b-catenin degradation cannot be ruled out, this finding substantiates the recently published data by Rice & Sartorelli (23) showing that lithium exerts an inhibitory effect on the 20 S proteasome. Thus, from a conceptual point of view, it may be envisaged that the inhibition of the proteasome by lithium may lead to an accumulation of undegraded oncogenic proteins like b-catenin which may via nuclear translocation lead to a state of increased proliferation signals to the cell. Only scarce data are currently available on the functional interactions and regulation of nuclear phospho-b-catenin and its clinical implications. Tissue microarray-based analysis of melanoma samples by Kielhorn et al. (30) , however, highlighted the fact that increased levels of nuclear phospho-b-catenin are associated with a decreased overall survival in these patients. This is supported by recent molecular studies in poorly differentiated and anaplastic carcinomas, which in contrast to well-differentiated tumours harbour b-catenin mutations with increased frequency (31 -33) . Common belief suggests a dominant role for TSH/cAMP/CREB signalling in the control of thyrocyte proliferation (4, 34 -37) . Previously, Woloshin et al. (38) , using the FRTL5 thyroid cell line as a model system, tested the relevance of the TSH/cAMP/CREB pathway by permanently transfecting an expression vector containing either the gene for wild-type CREB (wtCREB) or a dominant negative mutant form of CREB (dnCREB). Analyses of growth in the transfected clones revealed that transfection of wtCREB had no effect on thyroid growth in comparison with untransfected cells, whereas cells expressing dnCREB showed an 18-40% reduction in TSH-stimulated growth (38) . At a molecular level, lithium may affect thyroid cell function via its inhibitory action on the inositol 3-phosphate signalling pathway, cAMP function or ATPase activity (9, 39, 40) . In addition, our data indicate that lithiummediated effects on thyroid cell functions may be due to the activation of Wnt/b-catenin signalling.
Despite the suggestive effects of lithium on GSK-3b kinase activity (b-catenin nuclear translocation, gene expression of b-catenin-dependent genes/cyclin D1, cell proliferation), we tested further the specificity and importance of lithium's effect on Wnt/b-catenin signalling. We blocked the TCF/LEF and CREB pathways by transfection of dnTCF4 and dnCREB constructs, respectively. FTC133 cells, stably transfected with dnTCF4 (to rule out activation of the b-catenin/TCF/LEF pathway), resulted in an approx. 50% decreased proliferation. On the other hand, transfection of dnCREB constructs (to rule out the activation of the TSH/PKA/CREB pathway) had no such effect. This effect was particularly evident following 24 h incubation with LiCl (5 mM) and indicates that LiCl-induced activation of Wnt/b-catenin signalling may play an additional and independent role in the control of thyrocyte proliferation.
In summary, using LiCl as a tool to activate Wnt/ b-catenin signalling, we have shown the functional relevance of Wnt/b-catenin signalling in the control of thyrocyte proliferation. In our study we have used doses of LiCl (1 -5 mM) comparable to that used in the management and prophylaxis of bipolar psychiatric disorders. Since thyroid swelling and goitre formation are potential side effects of prolonged lithium therapy, we suggest that chronic lithium use may activate the Wnt/b-catenin signalling in these patients, which in turn may contribute towards thyrocyte proliferation. Thus our results support a dominant role of Wnt/ b-catenin signalling relative to the TSH/PKA/CREB pathway in the proliferation control of normal and neoplastic thyrocytes.
